A polyvinylidene fluoride (PVDF)-type chelating membrane bearing poly(amino phosphonic acid) groups, denoted as ethylenediamine tetra(methylene phosphonic acid) (EDTMPA)-tetrabutyl orthotitanate (TBOT)/PVDF, was employed to remove Ni(II) from the aqueous solution. The effects of coexisting Ca(II), Pb(II), citrate, nitrilotriacetic acid (NTA) and ethylenediaminetetraacetic acid (EDTA) on the Ni(II) adsorption by this chelating membrane were revealed using density functional theory (DFT) calculations. Pb(II) showed a more detrimental effect than Ca(II) on the Ni(II) uptake; EDTA interfered with the capture of Ni(II) more remarkably than citrate and NTA. The results derived from DFT calculations were consistent with the experimental data. Ni(II) and Pb(II) showed more excellent affinity to the EDTMPA-TBOT/PVDF membrane than Ca(II). The stabilities between Ni(II) and the [EDTMPA-TBOT] 7− chelating ligand of the membrane and those between Ni(II) and the three aforementioned complexing reagents followed the sequence:
Introduction
The heavy metal pollution for water bodies has been a critical environmental problem of global concern. Being one of the most toxic metals, the nickel ion with non-biodegradable characteristics has been validated as a carcinogen; it easily accumulates in organisms, thereby resulting in toxicities to ecological systems and human beings' health [1] [2] [3] . Discharged effluents containing Ni(II) mainly come from the mining of nickel ores, metallurgy, welding, nickel electroless and electroplating. The discharged concentration of total nickel in China is strictly limited within 0.1 mg/L according to the published Chinese regulation of "Emission standard of pollutants for electroplating (GB 21900-2008)" [4] . Thus, the concentration of discharged Ni(II) should meet the requirement mentioned above. In effluents derived from metallurgy, circuit board manufacturing and nickel electroless plating industries, besides nickel ions, other substances, such as Ca(II), Pb(II), citrate, nitrilotriacetic acid (NTA) and ethylenediaminetetraacetic acid (EDTA) may be coexistent with Ni(II). Undoubtedly, the coexisting cations and organic reagents mentioned above can retard the removal considering the aqueous adsorption. In regard to the effect of weak interactions (such as hydrogen bond and Van der Waals force), the Tkatchenko-Scheffler (TS) method for DFT dispersion correction was also used.
Results and Discussion

Characterization of the Chelating Membrane
Analyses of FE-SEM and EDS
The morphologies of the fabricated EDTMPA-TBOT/PVDF chelating membrane were observed; surface and sectional morphologies of the membrane are shown in Figure 1a ,b. For the surface morphology (Figure 1a) , the uniform microporous structure can be identified. The presence of micropores with an average size of 0.25 μm will be helpful for the solution permeating through the membrane. In terms of the sectional morphology of the membrane, as shown by Figure 1b , the finger-like pores near the surface layer (labeled by a circle) are observed, and the sponge-type porous structures (described by a rectangle) can be found in the inner side of the membrane.
EDS spectra before the Ni(II) adsorption ( Figure 1c ) and after the Ni(II) adsorption by the chelating membrane ( Figure 1d ) were examined. Before the Ni(II) adsorption, as demonstrated by Figure 1c , besides the elements of carbon and fluorine, the elements of nitrogen, titanium, oxygen and phosphorus are detected, which indicates that the EDTMPA-TBOT groups were incorporated into the PVDF membrane matrix. After the Ni(II) uptake, by the comparison results of Figure 1c ,d, the nickel element is detected, thereby suggesting the capture of Ni(II) by the chelating membrane. EDS spectra before the Ni(II) adsorption (Figure 1c ) and after the Ni(II) adsorption by the chelating membrane ( Figure 1d ) were examined. Before the Ni(II) adsorption, as demonstrated by Figure 1c , besides the elements of carbon and fluorine, the elements of nitrogen, titanium, oxygen and phosphorus are detected, which indicates that the EDTMPA-TBOT groups were incorporated into the PVDF membrane matrix. After the Ni(II) uptake, by the comparison results of Figure 1c ,d, the nickel element is detected, thereby suggesting the capture of Ni(II) by the chelating membrane.
FTIR Spectra
The availability of Ni(II) adsorption by the EDTMPA-TBOT/PVDF chelating membrane was also validated by FTIR analysis (Figure 2 ). Before and after Ni(II) adsorption (Figure 2a) , for the FTIR spectra of the EDTMPA-TBOT/PVDF chelating membrane, in contrast with that of the virgin PVDF membrane, peaks at 890-1400 cm −1 show obvious changes, which can be attributed to the existence the phosphonic acid groups of the EDTMPA-TBOT ligand. Herein, with and without the uptake of Ni(II), the difference in the FTIR spectra of the chelating membrane is inconspicuous; this may be assigned to the disturbance of PVDF chains. Thus, the FTIR spectra of the pure EDTMPA and the EDTMPA-TBOT powder before and after Ni(II) adsorption ( Figure 2b ) were also measured to eliminate this disturbance. The peaks appearing at 957 and 1007 cm −1 can be ascribed to the asymmetric stretching vibration of P-OH groups; other peaks located at 1100-1270 cm −1 are attributed to P=O stretching vibration [42, 43] . The broad peak at 1670 cm −1 can be identified as the plane bending of the hydroxyl group in the phosphonic acid group [44] . Peaks at 1322 and 1435 cm −1 can be assigned to the stretching vibration of the C-N and P-C groups. For the spectrum of EDTMPA-TBOT powder, the characteristic peaks related to the phosphonic acid group (900-1270 cm −1 ) divided into two peaks (1030 and 1150 cm −1 ), indicating the formation of P-O-Ti bond [29] . The broad peak at 1670 cm −1 becomes sharp and shifts to 1650 cm −1 ; this can be due to the interaction between the TBOT and EDTMPA molecules and thereby suggesting the formation of the P-O-Ti bond.
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For the spectrum after the Ni(II) adsorption compared with that before the Ni(II) adsorption, the peak at 1030 cm −1 shifts to 1047 cm −1 , and the intensity of this peak also slightly increases. The intensity of the peak at 1150 cm −1 related to the P=O stretching decreases, inferring the formation of the P=O-Ni(II) complexing bond. The peak at 1322 cm −1 in correlation with the C-N group almost completely disappears, and the formation of the N-Ni(II) bond can be validated [28] . In addition, the decrease in intensity for the peak at 1650 cm −1 accompanied by a negative shift of 15 cm −1 may be due to the fact that Ni(II) is complexed by the O-H group of the EDTMPA molecule [15, 45] . 
Effects of Coexisting Cations
The coexisting Ca(II) and Pb(II) can hinder the Ni(II) adsorption. Ni(II) uptakes of the EDTMPA-TBOT/PVDF membrane in the presence of these two cations were measured to elucidate their interferences. Ni(II) uptakes of the membrane reduce with Ca(II) and Pb(II) concentrations increasing from 0 to 5 mmol/L ( Figure 3) ; these two coexisting cations show an interferential effect on the uptake of Ni(II) because they compete with Ni(II) for occupying the active sites of the membrane. As Ca(II) and Pb(II) coexist with Ni(II) at the concentration of 1 mmol/L, Ni(II) uptake of the membrane decreases by 35% and 83%. Based on this result, it can be inferred that Pb(II) exhibits a more conspicuously detrimental effect than Ca(II) on the Ni(II) adsorption. For the spectrum after the Ni(II) adsorption compared with that before the Ni(II) adsorption, the peak at 1030 cm −1 shifts to 1047 cm −1 , and the intensity of this peak also slightly increases. The intensity of the peak at 1150 cm −1 related to the P=O stretching decreases, inferring the formation of the P=O-Ni(II) complexing bond. The peak at 1322 cm −1 in correlation with the C-N group almost completely disappears, and the formation of the N-Ni(II) bond can be validated [28] . In addition, the decrease in intensity for the peak at 1650 cm −1 accompanied by a negative shift of 15 cm −1 may be due to the fact that Ni(II) is complexed by the O-H group of the EDTMPA molecule [15, 45] .
The coexisting Ca(II) and Pb(II) can hinder the Ni(II) adsorption. Ni(II) uptakes of the EDTMPA-TBOT/PVDF membrane in the presence of these two cations were measured to elucidate their interferences. Ni(II) uptakes of the membrane reduce with Ca(II) and Pb(II) concentrations increasing from 0 to 5 mmol/L ( Figure 3) ; these two coexisting cations show an interferential effect on the uptake of Ni(II) because they compete with Ni(II) for occupying the active sites of the membrane. As Ca(II) and Pb(II) coexist with Ni(II) at the concentration of 1 mmol/L, Ni(II) uptake of the membrane decreases by 35% and 83%. Based on this result, it can be inferred that Pb(II) exhibits a more conspicuously detrimental effect than Ca(II) on the Ni(II) adsorption. 
Effects of Coexisting Complexing Reagents
The influences of citrate, NTA and EDTA coexisting with concentrations from 0 to 5 mmol/L on Ni(II) uptakes of the chelating membrane were studied, and the results are depicted in Figure 4 . As the concentration of the three complexing reagents increases, the Ni(II) uptake of the chelating membrane decreases. This can be explained by the fact that most nickel ions are complexed with the increasing concentration of these three complexing reagents, and the complexed form of Ni(II) retards this metal uptake. As citrate, NTA and EDTA coexisted at a concentration of 1 mmol/L, the Ni(II) uptake of the membrane decreases by 26%, 53% and 73%, respectively. Thus, it can be concluded that the interferences of these three complexing reagents follow the order of citrate < NTA < EDTA. Although the disturbance of coexisting cations and complexing reagents is validated, the chelating membrane still exhibits the ability of Ni(II) capture, manifesting its potential application for removing Ni(II) from aqueous solutions. 
DFT Simulations
Structure Analysis of the EDTMPA-TBOT Ligand
The optimized structure of the EDTMPA-TBOT ligand is given in Figure 5 . Considering the difference of pH in the aqueous solution, the EDTMPA-TBOT ligand will exist in the forms of [H n (EDTMPA-TBOT)] (7−n)− (n = 0-7). The free HySS2009 software (Protonic software, Leeds, UK) was employed to identify the species of the EDTMPA-TBOT ligand at different pH. The simulated existing forms of the EDTMPA-TBOT complexes are shown in Figure 6 . As shown in Figure 6 , at pH = 5.4, the EDTMPA-TBOT complexing ligand will be mainly in the form of [ 
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Structure Analysis of the EDTMPA-TBOT Ligand
The optimized structure of the EDTMPA-TBOT ligand is given in Figure 5 . Considering the difference of pH in the aqueous solution, the EDTMPA-TBOT ligand will exist in the forms of [Hn(EDTMPA-TBOT)] (7−n)− (n = 0-7). The free HySS2009 software (Protonic software, Leeds, UK) was employed to identify the species of the EDTMPA-TBOT ligand at different pH. The simulated existing forms of the EDTMPA-TBOT complexes are shown in Figure 6 . As shown in Figure 6 , at pH = 5.4, the EDTMPA-TBOT complexing ligand will be mainly in the form of [ 7 − ligand and Pb(II) take place easily. In other words, the EDTMPA-TBOT/PVDF chelating membrane shows excellent affinities to Ni(II) and Pb(II). The energy difference in the E LUMO of Ni(II) and the E HOMO of three complexing reagents follows the trend: ∆E(E LUMO (Ni(II))-E HOMO (EDTA)) < ∆E(E LUMO (Ni(II))-E HOMO (NTA)) < ∆E(E LUMO (Ni(II))-E HOMO (citrate)), indicating that the interference of EDTA on Ni(II) adsorption is more remarkable than those of citrate and NTA.
The chemical reactivity descriptors of chemical potential (µ), global hardness (η) and electrophilicity (ω) can be calculated by Equations (1)- (3) [15, 47] .
The chemical reactivity descriptors of the seven aforementioned reactants were calculated and summarized in Table 1 7 − ligand owns a stronger nucleophilic ability than the other three complexing reagents. Moreover, the results of the analysis on the η and ω value of the [EDTMPA-TBOT] 7− ligand and three complexing reagents are in accordance with that of χ. Thus, it indicates that the Ni(II) uptake of the EDTMPA-TBOT/PVDF chelating membrane plays a dominant role in the adsorption process with the presence of citrate, NTA and EDTA. Furthermore, it can be deduced that the interference of EDTA on Ni(II) adsorption is higher than those of citrate and NTA. The three intramolecular parameters of µ, η and ω are only related to the characteristics of an isolated molecule. In contrast, another parameter, namely charge transfer (∆N) calculated using Equation (4) [32, 47] , will further contribute to reveal inherent the characteristics of the adsorption process.
where the A and B superscripts are used to mark the species A and B. If ∆N < 0, we can confirm that A and B serve as the electron donor and electron acceptor, respectively. Furthermore, the higher absolute value of ∆N will suggest the stronger interaction between two molecules [32, 47] . →Ni(II) suggest that these three coexisting complexing reagents show a smaller affinity to Ni(II) than the EDTMPA-TBOT/PVDF chelating membrane. In addition, EDTA shows a more negative effect on the Ni(II) uptake than citrate and NTA. 36 . Conventionally, Ni(II) will be complexed in the form of the six-coordinated configuration [39] . In addition, taking into account the nucleophilic characteristics of these complexing sites and the stability of the [Ni(II)-(EDTMPA-TBOT)] 5− configuration, three configurations in correlation with the complexing sites of the EDTMPA-TBOT ligand were chosen (shown in Figure 8 Figure 8b ), so the [Ni(II)-(EDTMPA-TBOT)] 5− -2 complex will be present with the form of the five-coordinated conformation [46] . However, the [Ni(II)-(EDTMPA-TBOT)] 5− -3 complex can exist in a stable form of the six-coordinated conformation (presented in Figure 8c ). Figure 8b ), so the [Ni(II)-(EDTMPA-TBOT)] 5− -2 complex will be present with the form of the five-coordinated conformation [46] . However, the [Ni(II)-(EDTMPA-TBOT)] 5− -3 complex can exist in a stable form of the six-coordinated conformation (presented in Figure 8c ). (7, 8, 11, 15, 16, 19, 20, 33-36, oxygen; 6, 10, 14, 18, phosphorus) . (7, 8, 11, 15, 16, 19, 20, 33-36, oxygen; 6, 10, 14, 18, phosphorus) ; (b) [Ni(II)-(EDTMPA-TBOT)] 5− -2 (7, 8, 11, 15, 16, 19, 20, 33-36, oxygen; 6, 10, 14, 18, phosphorus) ; (c) [Ni(II)-(EDTMPA-TBOT)] 5− -3 (7, 8, 11, 15, 16, 19, 20, 33-36, oxygen; 6, 10, 14, 18, phosphorus) . The adsorption energy (∆E ads ) at 298 K obtained from Equation (5) can be valuable for elucidating the stability of complexing geometries [39, 46] .
where E(X) is the computed total energy of species (X) with respect to the COSMO effect. The adsorption energy (ΔEads) at 298 K obtained from Equation (5) can be valuable for elucidating the stability of complexing geometries [39, 46] .
where E(X) is the computed total energy of species (X) with respect to the COSMO effect. 
Analyses of the Adsorption Energy and the Gibbs Free Energy of Adsorption
The Gibbs free energy of adsorption (ΔGads) at 298 K defined by Equation (6) was used to reveal the available formation of metal-based complexes; where G(X) is the calculated temperature-corrected free energy of species (X) at 298 K [39, 46] and ΔEads is already depicted by Equation (5) .
The calculated ΔEads and ΔGads of Ni(II)-, Pb(II)-and Ca(II)-(EDTMPA-TBOT) 7− complexes and those of Ni(II)-citrate, -NTA and -EDTA complexes are tabulated in Table 3 
The Gibbs free energy of adsorption (∆G ads ) at 298 K defined by Equation (6) was used to reveal the available formation of metal-based complexes; where G(X) is the calculated temperature-corrected free energy of species (X) at 298 K [39, 46] and ∆E ads is already depicted by Equation (5).
∆G ads = ∆E ads + (ΣG(product) − ΣG(reactant))
The calculated ∆E ads and ∆G ads of Ni(II)-, Pb(II)-and Ca(II)-(EDTMPA-TBOT) 7− complexes and those of Ni(II)-citrate, -NTA and -EDTA complexes are tabulated in Table 3 . ∆G ads with a negative value reflects the spontaneous characteristic of Ni(II) adsorption. . This result is consistent with the experimental analysis. The chelating membrane exhibits a more excellent affinity to Pb(II) and Ni(II) than Ca(II), and thus, Pb(II) will remarkably interfere with the uptake of Ni(II). In addition, it can be deduced that the fabricated chelating membrane can be competent for removing heavy metals with a high biotoxicity from the aqueous solution. The coexisting citrate, NTA and EDTA can form stable complexes with Ni(II). Considering the ∆E ads value between Ni(II) and these, it can be concluded that the detrimental influence of the three complexing reagents follows the sequence of EDTA > NTA > citrate. However, the abilities of these three complexing reagents with respect to the uptake of Ni(II) are smaller than that of the EDTMPA-TBOT/PVDF chelating membrane. Based on the result of this research, with the coexistence of complexing reagents, the fabricated EDTMPA-TBOT/PVDF chelating membrane is still applicable for the recovery of Ni(II) from aqueous solution.
Conclusions
The fabricated EDTMPA-TBOT/PVDF chelating membrane was employed for the removal of Ni(II) from aqueous solutions. Batch adsorption experiments in conjunction with DFT calculations were employed to evaluate the adsorption characteristics of the chelating membrane toward Ni(II) in the presence of Ca(II), Pb(II), citrate, NTA and EDTA. The obtained conclusions are summarized as follows:
(1) The combination of DFT simulations and the adsorption experiments is suitable for evaluating the adsorption process between Ni(II) and the EDTMPA-TBOT/PVDF chelating membrane. (2) The coexistent Pb(II) shows a stronger interferential effect on Ni(II) uptake than Ca(II). Furthermore, the disturbance of EDTA on the Ni(II) uptake of the EDTMPA-TBOT/PVDF membrane is more remarkable than those of NTA and citrate. 
